SGS1 encodes a DNA helicase whose homologues in human cells include the BLM, WRN, and RECQ4 genes, mutations in which lead to cancer-predisposition syndromes. Clustering of synthetic genetic interactions identified by large-scale genetic network analysis revealed that the genetic interaction profile of the gene RMI1 (RecQmediated genome instability, also known as NCE4 and YPL024W) was highly similar to that of SGS1 and TOP3, suggesting a functional relationship between Rmi1 and the Sgs1/Top3 complex. We show that Rmi1 physically interacts with Sgs1 and Top3 and is a third member of this complex. Cells lacking RMI1 activate the Rad53 checkpoint kinase, undergo a mitotic delay, and display increased relocalization of the recombination repair protein Rad52, indicating the presence of spontaneous DNA damage. Consistent with a role for RMI1 in maintaining genome integrity, rmi1D cells exhibit increased recombination frequency and increased frequency of gross chromosomal rearrangements. In addition, rmi1D strains fail to fully activate Rad53 upon exposure to DNA-damaging agents, suggesting that Rmi1 is also an important part of the Rad53-dependent DNA damage response.
Introduction
Saccharomyces cerevisiae SGS1 is a member of the recQ family of 3 0 -5 0 DNA helicases, which includes five human homologues (RECQL, BLM, WRN, RECQ4, and RECQ5) (Watt et al, 1995 (Watt et al, , 1996 . Loss-of-function mutations in BLM, WRN, and RECQ4 give rise to Bloom's syndrome (BS), Werner's syndrome (WS), and Rothmund-Thomson syndrome (RTS), respectively (Ellis et al, 1995; Yu et al, 1996; Kitao et al, 1999) . Although the spectrum of clinical features of each disease differs, they all result in a predisposition to cancer. The major defects of cells with mutated recQ helicases are hyper-recombination and genomic instability (Hickson, 2003) . S. cerevisiae sgs1 mutants show elevated levels of mitotic homologous recombination, illegitimate recombination (Gangloff et al, 1994; Watt et al, 1996; Yamagata et al, 1998) , sister chromatid exchanges (Onoda et al, 2000) , and gross chromosomal rearrangements (GCRs) (Myung et al, 2001b; Myung and Kolodner, 2002) . Cells lacking SGS1 are also moderately sensitive to genotoxic agents such as methyl methanesulfonate (MMS) and hydroxyurea (HU) (Gangloff et al, 1994; Watt et al, 1996; Yamagata et al, 1998; Chang et al, 2002) .
A subset of RecQ family members physically interacts with topoisomerase III (Top3) homologues (Gangloff et al, 1994; Goodwin et al, 1999; Johnson et al, 2000; Wu et al, 2000) . Escherichia coli RecQ stimulates Top3 to catenate and decatenate covalently closed duplex DNA (Harmon et al, 1999) and BLM is able to stimulate the DNA strand passage activity of Top3a . Furthermore, BLM and Top3a can work together to resolve a recombination intermediate containing a double Holliday junction (Wu and Hickson, 2003) . S. cerevisiae strains lacking TOP3 exhibit a severe growth defect, sensitivity to DNA-damaging agents, and hyper-recombination (Wallis et al, 1989; Gangloff et al, 1994; Chang et al, 2002) . Most of the defects exhibited by top3 mutants can be suppressed by mutation of SGS1 (Gangloff et al, 1994; Chakraverty et al, 2001) , a relationship that is conserved in Schizosaccharomyces pombe where mutations in the recQ homologue rqh1 þ can suppress the lethality of top3D mutants (Maftahi et al, 1999) . These data support models in which RecQ helicase action produces a toxic DNA structure that is resolved by Top3 (Gangloff et al, 1994; Ira et al, 2003; Wu and Hickson, 2003) . Two-dimensional hierarchical clustering of synthetic genetic interactions determined by large-scale genetic network analysis in S. cerevisiae has proven useful for identifying genes whose products function within the same pathway or complex (Tong et al, 2004) . Such clustering analysis revealed that the genetic interaction profile of the poorly characterized gene RMI1 (RecQ-mediated genome instability) was highly similar to that of SGS1 and TOP3. We show that Rmi1 associates with Sgs1 and Top3 and that strains lacking RMI1 accumulate DNA damage in the absence of exogenous genotoxic agents. Our results indicate that the actions of Sgs1, Top3, and Rmi1 are required in concert in order to maintain genome integrity.
Results
Mutations in SGS1 can suppress the growth defects of an rmi1D mutant Two-dimensional hierarchical clustering of large-scale synthetic genetic array (SGA) data revealed that the set of genes that genetically interact with the uncharacterized gene RMI1 was highly similar to that associated with SGS1, TOP3, and YLR235C (which overlaps the TOP3 open reading frame (ORF) such that a deletion of this ORF likely results in a TOP3 hypomorph) (Tong et al, 2004; Supplementary Figure S1 ). Synthetic genetic interactions are usually orthogonal to protein-protein interactions, but the products of genes with similar patterns of genetic interactions are often found in the same cellular pathway or protein complex (Tong et al, 2004) , suggesting that RMI1 might function in the SGS1/TOP3 pathway.
Crossing the rmi1D strain from the Saccharomyces gene deletion collection with a wild-type strain revealed the presence of an extragenic suppressor in the rmi1D strain. Tetrads from this cross were dissected to analyze the products of individual meioses ( Figure 1A ). The resultant colonies were screened to identify those carrying the rmi1D mutation. We found that roughly half (10 of 24) of the rmi1D isolates exhibited a slow growth phenotype, whereas the other half (14 of 24) grew relatively normally, indicating that the original strain did indeed carry a single extragenic suppressor mutation. To identify the suppressor (supX), we employed synthetic genetic array mapping (SGAM) methodology, in which an rmi1D supX query strain was crossed to an array of B4600 viable gene deletion mutants. This method maps a group of genes that are tightly linked to the suppressor (Jorgensen et al, 2002) . Indeed, we identified a group of linked genes on chromosome XIII ( Figure 1B) , indicating that the suppressor was in this region. The SGS1 gene was located in the middle of this linkage group, and the sgs1D strain was not identified in the SGAM experiment, suggesting that the suppressor might be a loss-of-function allele of SGS1. We crossed the rmi1D strain lacking the suppressor with an sgs1D strain and found that the double mutants had a normal growth phenotype ( Figure 1C ). We also sequenced the SGS1 allele from the rmi1D supX strain and found that it carried a frame-shift mutation 691 nucleotides into the ORF and so encoded a truncated protein lacking the helicase catalytic domain of Sgs1. Therefore, deletion of RMI1 causes a slow growth phenotype that can be suppressed by deletion of SGS1. This is reminiscent of the TOP3 gene, deletion of which causes slow growth that is suppressed by mutation of SGS1 (Wallis et al, 1989; Gangloff et al, 1994) .
Figure 1 rmi1D mutants exhibit a growth defect that can be suppressed by mutation of SGS1. (A) The rmi1DHkanMX6 strain was backcrossed to a wild-type strain (BY4741). The resulting diploids were sporulated and tetrads were dissected on YPD. Each column represents the four spores from a single tetrad. The genotypes of the resulting colonies are indicated with circles (J) for rmi1DHkanMX6. (B) SGAM analysis using an rmi1DHnatMX6 query strain (which contains supX) revealed a set of colinear synthetic genetic interactions on chromosome XIII. A red bar indicates that deletion of the corresponding gene resulted in a genetic interaction. Black bars represent essential genes, which are not a part of the gene deletion collection. Gray bars indicate ORFs for which no deletion mutant was made as part of the Saccharomyces Gene Deletion Project (Winzeler et al, 1999) and genes that are often found in control screens using a wild-type query strain, and therefore are filtered from the results of SGA analyses. (C) An rmi1DHnatMX6 strain lacking supX was crossed to an sgs1DHkanMX6 strain. The resulting diploids were sporulated for tetrad analysis as in panel A. The genotypes of the resulting colonies are indicated with boxes (&) for sgs1DHkanMX6 and circles (J) for rmi1DHnatMX6. 
rmi1D synthetic genetic interactions
Since the rmi1D mutant readily accumulates mutations in SGS1, we were unable to conduct an RMI1 SGA analysis. Instead, we adopted a candidate approach, analyzing genes with connections to SGS1 and TOP3 function (Klein, 2001; Mullen et al, 2001; Tong et al, 2001 Tong et al, , 2004 (Table I) . We found that rmi1D is synthetic lethal when combined with mutations in genes thought to play roles in restarting stalled replication forks: rrm3D, mus81D, mms4D, slx1D, slx4D, hex3D, slx8D, and hpr5D. We also found that the slow growth phenotype of rmi1D was suppressed by rad51D, rad52D, and rad54D. This is consistent with models in which the presence of the homologous recombination pathway facilitates creation of DNA processing intermediates by Sgs1, which are toxic when Rmi1 is absent. Similar models have been proposed to account for the suppression of top3D phenotypes by mutations in recombination repair genes Shor et al, 2002) . We also found that rmi1D did not display a detectable genetic interaction with top3D, consistent with RMI1 and TOP3 functioning in the same pathway. Finally, we found that homozygous rmi1D/rmi1D diploids are defective in undergoing meiosis to produce four spore asci (Supplementary Figure S2) , indicating that like Sgs1 and Top3 (Watt et al, 1995; Gangloff et al, 1999) , Rmi1 is essential for proper meiotic cell division.
Rmi1 physically interacts with Top3 and Sgs1
Genetic analysis placed RMI1 in the SGS1/TOP3 pathway and indicated in several ways that rmi1D phenocopies top3D. To gain insight into the mechanism underlying these genetic observations, we tested whether Rmi1 physically associates with Sgs1 and Top3. Sgs1 and Top3 interact in vivo and in vitro (Gangloff et al, 1994; Bennett et al, 2000; Fricke et al, 2001) ; however, the apparent molecular mass of Sgs1/ Top3 complexes in yeast extracts suggests that the complexes are not heterodimeric and so may contain other proteins (Fricke et al, 2001) . We used strains containing SGS1, TOP3, and RMI1 epitope-tagged at their respective genomic loci to perform co-immunoprecipitations. Rmi1 was found in complex with both Sgs1 and Top3 (Figure 2A and B). This complex was not disrupted in the presence of DNase I, indicating that the interactions are not mediated by DNA (Supplementary Figure S3) . When Rmi1-TAP immunoprecipitations were quantified by densitometry, we found that 39% of Rmi1 was depleted from the extract compared with 42% of Sgs1 (data not shown), indicating that a significant fraction of Sgs1 is in complex with Rmi1. We next used gel filtration chromatography to fractionate extract from the tagged strain. We found that Sgs1-HA, Top3-VSV, and Rmi1-TAP co-elute in a high-molecular-weight complex ( Figure 2C ). Monomeric Rmi1 was not detected. Together, these data suggest that Rmi1 is in a heteromeric complex with both Sgs1 and Top3 and functions as a subunit of the Sgs1/Top3 complex.
Immunoprecipitates of Rmi1-TAP from extracts of an sgs1D strain contain Top3 ( Figure 2B ), indicating that the interaction of Rmi1 with Top3 does not require Sgs1. When attempting reciprocal experiments, we found that deletion of either TOP3 or RMI1 caused a significant reduction in Sgs1 protein abundance (data not shown). Despite the reduced levels of Sgs1, we detected Sgs1 in both Top3 immunoprecipitates from rmi1D cells and in Rmi1 immunoprecipitates from top3D cells ( Figure 2D ). Both wild-type and catalytically inactive helicase-dead mutant Sgs1 were poorly expressed in both rmi1D and top3D mutants ( Figure 2E ), indicating that the helicase activity of Sgs1 is not required for the observed reduction in Sgs1 levels.
Cells lacking RMI1 display precocious checkpoint activation
RecQ helicases are thought to play a role in normal DNA replication. The human homologues BLM and WRN are required for normal S-phase progression (Lonn et al, 1990; Poot et al, 1992) . Completion of replication in the rDNA array is severely retarded in sgs1D mutants (Kaliraman and Brill, 2002; Versini et al, 2003) , and in vitro replication in Xenopus egg extracts in the absence of Xblm results in DNA strand breaks . We asked whether Rmi1 was also required for normal S-phase progression. Using cells released synchronously from a G1 arrest, we could not detect a significant defect in bulk DNA synthesis, as assessed by flow cytometry (Supplementary Figure S4) . However, asynchronous rmi1D cultures exhibited an accumulation of budded cells with one nucleus, suggesting a delay in the late S/G2 phase of the cell cycle ( Figure 3A ). These observations are similar to those made with top3D strains (Gangloff et al, 1994; Chakraverty et al, 2001 ) and may indicate a checkpoint-dependent mitotic delay. We assayed for activation of the checkpoint kinase Rad53 in these cells, analyzing both the phosphorylation-dependent mobility shift of Rad53 and Rad53 kinase activity ( Figure 3B and C). We found that rmi1D mutants displayed a modest mobility shift of Rad53 when released from a G1 arrest in the absence of any DNAdamaging agent ( Figure 3B ). This mobility shift is due to phosphorylation and correlates with activation of Rad53 kinase activity (Pellicioli et al, 1999) . We measured Rad53 activation directly using an in situ kinase assay. Activation of Rad53 in rmi1D was clearly evident in this assay, even in the sample from the asynchronous culture and from the G1-arrested culture ( Figure 3C ). Activation of Rad53 was not evident in wild-type cells in either assay. The precocious Rad53 checkpoint activation is likely the cause of the mitotic delay observed in rmi1D, suggesting that DNA damage is arising in cells lacking Rmi1 during an unperturbed cell cycle. Consistent with this interpretation, we found that rmi1D is synthetic lethal with rad53-11 ( Figure 3D ), a checkpoint defective allele of RAD53 (Weinert et al, 1994) , indicating that an intact checkpoint response is essential for the viability of cells lacking Rmi1. We investigated the requirement for other checkpoint proteins in rmi1D mutants. We found that deletion of the G1 and G2 DNA damage checkpoint genes RAD24 or RAD9 had no detectable effect on the rmi1D mutant. However, deletion of the S-phase checkpoint genes MRC1, TOF1, or CSM3 in the rmi1D mutant caused a synthetic sick phenotype (Table I) . Therefore, cells lacking RMI1 require the S-phase checkpoint response for optimal growth, suggesting that the DNA damage caused by deletion of RMI1 results from DNA replication defects. rmi1D mutants exhibit increased levels of Rad52 relocalization and genomic instability RAD52 is essential for efficient homologous recombination. Rad52 relocalizes from a diffuse nuclear localization to distinct subnuclear foci in response to DNA damage, particularly double-strand breaks (DSBs) (Lisby et al, 2001 (Lisby et al, , 2003 (Lisby et al, , 2004 . Rad52 tagged with yellow fluorescent protein (Lisby et al, 2003 (Lisby et al, , 2004 was visualized by fluorescence microscopy in asynchronous mitotic haploid cells. As shown in Figure 4A , cells lacking RMI1 display subnuclear Rad52 foci, whereas wild-type cells show infrequent and transient foci. Quantification of the data ( Figure 4B ) showed that rmi1D, sgs1D, and top3D all have elevated levels of spontaneous Rad52 focus formation, indicating the presence of DNA damage requiring homologous recombination for repair, likely DSBs. Elevated levels of Rad52 foci were observed both in S/G2/M (i.e. budded) cells and in G1 cells. Together with the data indicating that Rad53 is activated in rmi1D mutants, these results suggest that DNA replication in the absence of an intact Sgs1/Top3/Rmi1 pathway causes DNA lesions that result in genomic instability (Gangloff et al, 1994; Myung et al, 2001b; Ajima et al, 2002) , similar to the effect observed in Xenopus egg extracts, in which replication in the absence of Xblm causes DNA strand breaks .
To assess the effect of the DNA damage that arises in rmi1D mutants, we applied two assays for genomic instability. Both SGS1 and TOP3 are suppressors of homologous recombination (Shor et al, 2002) . We tested the effect of deletion of RMI1 on homologous recombination using a LEU2 direct repeat assay (Smith and Rothstein, 1999) . Consistent with the observation that cells lacking RMI1 have high levels of Rad52 foci, we found that rmi1D cells have an increased rate of recombination ( Figure 5A ), approximately six-fold higher than wild type. We also measured the rate of GCRs in rmi1D, Extracts from yeast strains expressing Sgs1-HA and Top3-TAP or Sgs1-HA and Rmi1-TAP in an rmi1D or top3D background, respectively, were immunoprecipitated with IgG agarose to precipitate the TAP-tagged protein (lanes marked T) or with unconjugated agarose as a control (lanes marked C). The precipitates were immunoblotted and probed with anti-HA antibodies to detect Sgs1-HA (top panel) or with peroxidase-antiperoxidase to detect the TAP-tagged proteins. (E) sgs1D, sgs1D rmi1D, and sgs1D top3D strains were transformed with empty vector (vector) or low-copy plasmids expressing HA-tagged Sgs1 (Sgs1) or helicase-dead Sgs1 (Sgs1-hd). TCA-fixed extracts were prepared and fractionated by SGS-PAGE. Immunoblots were probed with anti-HA antibody to detect Sgs1 or Sgs1-hd, and with antitubulin antibodies as a loading control. using an assay that detects large interstitial deletions, translocations, chromosome fusions, and loss of a chromosome arm (Myung et al, 2001a) . In this assay ( Figure 5B ), sgs1D and top3D showed increased GCR rates of approximately 30-fold over wild type, similar to reported values (Myung et al, 2001b) . In contrast, GCR rates in rmi1D were more than 150 times wild-type levels. Thus, Rmi1 is a critical suppressor of GCRs.
RMI1 is required for the response to DNA damage Both SGS1 and TOP3 are important for the response to DNA damage (Stewart et al, 1997; Davey et al, 1998; Frei and Gasser, 2000; Chakraverty et al, 2001 ); therefore, we tested whether deletion of RMI1 caused sensitivity to DNA-damaging agents ( Figure 6A and B). The rmi1D, like top3D, displayed slow growth on YPD. The presence of the alkylating agent MMS (at 0.004%) or the replication inhibitor HU (at 10 mM) reduced colony formation by rmi1D by at least an order of magnitude, indicating that the rmi1D mutant is sensitive to DNA damage and replication stress. Wild-type cells were unaffected by the levels of MMS and HU used. We also tested whether rmi1D loses viability during transient exposure to the same concentrations of MMS or HU. The rmi1D mutant rapidly lost viability during exposure to MMS. During transient exposure to 10 mM HU, the rmi1D mutant displayed little loss of viability, although the growth of rmi1D was significantly impaired ( Figure 6B ). These results are reminiscent of top3D, which displays much greater sensitivity to transient MMS exposure than it does to transient HU exposure (Chakraverty et al, 2001; . The DNA damage sensitivity and loss of viability of rmi1D were suppressed by deletion of SGS1, with the double mutant displaying growth similar to that of sgs1D.
Top3 is important for full activation of Rad53 in response to DNA damage (Chakraverty et al, 2001 ) while Sgs1 is The EMBO Journal 5 necessary for Rad53 activation in the absence of Rad24 (Frei and Gasser, 2000; Bjergbaek et al, 2005) . We tested whether RMI1 was also important for Rad53 activation. Rad53 activation was measured after treatment with HU or MMS ( Figure 6C ). Wild-type cells showed a robust checkpoint response, resulting in phosphorylation-dependent mobility shift of Rad53. By contrast, rmi1D mutants showed a defect in Rad53 activation in response to both HU and MMS, as evidenced by incomplete phosphorylation of Rad53. This defect can be suppressed by mutation of SGS1 (data not shown), similar to the suppression of the Rad53 activation defect in a top3D mutant by deletion of SGS1 (Chakraverty et al, 2001) . Thus, in addition to causing DNA damage during S phase, deletion of RMI1 impedes full checkpoint activation when cells are challenged with exogenous damaging agents, suggesting that like Sgs1 and Top3, Rmi1 is upstream of Rad53 in the S-phase checkpoint response.
Evolutionary conservation of Rmi1
Homologues of Sgs1 and Top3 are found throughout Eucaryota. Using local alignment searches, we identified homologues of Rmi1 in six other yeast species. Sequence alignments of yeast Rmi1 homologues indicated that these proteins share three blocks of high sequence similarity ( Figure 7A and Supplementary Figure S5) . In fission yeast, the top3 þ gene is essential for viability (Goodwin et al, 1999; Maftahi et al, 1999) , a phenotype that is suppressed by deletion of the fission yeast RecQ homologue rqh1 þ (Goodwin et al, 1999; Maftahi et al, 1999) . We asked whether the fission yeast rmi1 þ gene is, like top3 þ , essential for viability by replacing the rmi1 þ ORF with a G418 resistance gene in a haploid strain carrying a deletion of the rqh1 þ gene (rqh1DHura4 þ ). This strain was viable, indicating that rmi1 þ is not essential in an rqh1D background. The rmi1DHG418 R rqh1DHura4 þ strain was crossed to a wildtype strain and meiotic progeny were examined following tetrad dissection ( Figure 7B ). All inferred rmi1D single mutants failed to form colonies, indicating that rmi1 þ is an essential gene. Examination of the resulting microcolonies revealed that the rmi1D cells go through several divisions before arresting with an elongated morphology ( Figure 7C ), a phenotype similar to that found with top3D mutants (Maftahi et al, 1999) . These results suggest that the fission yeast rmi1 þ is the functional homologue of budding yeast RMI1.
We extended our homology search to metazoan species and found that homologues were not readily identified using local alignment searches such as BLAST. We used the three regions of sequence similarity from the yeast analysis to build a hidden Markov model (HMM) for each region. The HMMs were then used to search the NCBI nonredundant protein database, resulting in the identification of homologous proteins in humans and mice. These putative Rmi1 homologues contain the three conserved regions that were evident in the yeast homologues, and also contain a C-terminal extension ( Figure 7A and Supplementary Figure S6) . The human Rmi1 homologue is identical to the recently described BLAP75, a BLM-associated protein that is important for genome integrity in human cells (Yin et al, 2005) .
Discussion
Rmi1 is a novel member of the Sgs1/Top3 complex We have found that Rmi1 physically associates with both Sgs1 and Top3. Fractionation of cell extracts by gel filtration chromatography and co-immunoprecipitation experiments indicated that Rmi1 is in a high-molecular-weight heteromeric complex that contains both Sgs1 and Top3. In the absence of Rmi1, the levels of Sgs1 decrease, an effect that is also observed in the absence of the Sgs1 binding partner Top3. This suggests that interactions with both Rmi1 and Top3 are important for Sgs1 stability. Finally, rmi1D shares many phenotypes with top3D, including slow growth and DNA damage sensitivities that are suppressed by deletion of SGS1, indicating that Rmi1 is required for Top3 function in vivo (or vice versa). The simplest interpretation of these data is that Rmi1 is a member of the functional Sgs1/Top3 complex. The exact stoichiometry and architecture of the native cellular Sgs1/Top3/Rmi1 complex remains elusive as Sgs1 is present in a very high-molecular-weight complex of some 1.3 MDa (Fricke et al, 2001) , suggesting that other proteins may also be present. Thus, the interaction of Rmi1 with Sgs1/Top3 may be direct or indirect.
The reduction of Sgs1 steady-state protein levels in an rmi1D or top3D background is especially intriguing given that deleting SGS1 in these backgrounds improves cell viability. Therefore, it appears that even a very low level of Sgs1 is detrimental to cells lacking Rmi1 or Top3. Although abolishing the helicase activity of Sgs1 improves viability of rmi1D (data not shown) and top3D mutants (Mullen et al, 2001 ), levels of helicase-dead Sgs1 were still greatly reduced in rmi1D and top3D compared to wild type ( Figure 2E ), indicating that the reduced Sgs1 levels are unlikely to be a response to Sgs1 activity. The mechanism by which Sgs1 levels are reduced is currently unknown, but the phenomenon appears to be evolutionarily conserved in that deletion of top3 þ in S. pombe results in a reduction in the level of a helicaseinactive Rqh1 (Laursen et al, 2003) . Although several models are consistent with our data, the simplest explanation is that absence of either Rmi1 or Top3 from the Sgs1/Top3/Rmi1 complex destabilizes Sgs1 but enough Sgs1 activity remains to cause reduced viability of rmi1D or top3D cells.
In vitro experiments using purified BLM and TOP3a have demonstrated that together these proteins can resolve a recombination intermediate containing a double Holliday junction (Wu and Hickson, 2003) . Deletion of RMI1 results in a phenotype very similar to that displayed by top3D mutants, suggesting that Rmi1 may be important for the biochemical activity of Top3. However, deletion of either TOP3 or RMI1 causes a reduction in Sgs1 levels and so is likely to also compromise Sgs1 activity. Additionally, Rmi1 binds to both Top3 and Sgs1, further indicating that Rmi1 may influence the activity of both complex members. It will be of considerable interest to determine if and how the presence of Rmi1 affects the biochemical properties of RecQ/Top3 complexes.
Accumulation of DNA damage in cells lacking RMI1
The mitotic cell cycle delay, precocious Rad53 activation, and synthetic genetic interactions with genes required for DNA replication fork stability and the S-phase checkpoint all point to the accumulation of DNA lesions. The genetic suppression data suggest that these lesions are generated from the processing of recombination intermediates by Sgs1. The exact nature of these lesions has yet to be determined but the elevated levels of GCRs, Rad52 foci, and recombination provide insight as to what these lesions may be. GCRs can take the form of nonreciprocal translocations, interstitial deletions, chromosome fusions, and loss of a chromosome arm followed by de novo telomere addition (Chen et al, 1998; Myung et al, 2001a) . All of these rearrangements require the creation of DSBs. Thus, we know that at least a significant fraction of the lesions generated in an rmi1D mutant are, or result in, DSBs. Consistent with this hypothesis, Rad52 relocalizes into DSB repair foci in rmi1D, presumably reflecting the observed increase in recombination frequency. Recent work indicates that abnormal recombination structures accumulate in sgs1D and top3D mutants when alkylation damage is present (Liberi et al, 2005) . Accumulation of these structures was not detected in the absence of DNA damage, however. We found increased levels of Rad52 recombination repair foci in cells lacking Rmi1, Sgs1, or Top3 in an otherwise unperturbed cell cycle, which argues that Sgs1/Top3/ Rmi1 function is required to prevent DNA damage from occurring during normal cell cycle progression. Interestingly, we found that the direct repeat recombination rate is higher in an rmi1D mutant than in an sgs1D mutant; yet, Rad52 foci form to the same extent in both. It has been shown that multiple DSBs can localize to one Rad52 focus; thus, the formation of Rad52 foci may not be directly proportional to the extent of DNA damage (Lisby et al, 2003) . As suggested by their slower growth rate and precocious checkpoint activation, it is likely that rmi1D mutants accumulate more damage than sgs1D mutants, resulting in the higher rate of recombination observed. Alternatively, the DNA lesions present in rmi1D cells may simply be more recombinogenic than those present in sgs1D cells.
Defects in Rad53 checkpoint activation
Similar to top3D mutants (Chakraverty et al, 2001) , cells lacking RMI1 are defective in fully activating Rad53 in response to DNA damage induced by HU or MMS, a defect that can be suppressed by the mutation of SGS1. The Sgs1/ Top3/Rmi1 complex may be needed to process DNA lesions in order to generate DNA structures that can be recognized by the DNA damage checkpoint machinery, allowing for checkpoint activation. Sgs1 function in the absence of Rmi1 or Top3 could generate a toxic DNA intermediate that is not efficiently recognized by the checkpoint machinery. Alternatively, Rmi1 could be required in a more direct way to facilitate Rad53 activation, perhaps by mediating localization of Rad53 to DNA lesions or stalled replication forks. Either model is consistent with the weak Rad53 activation seen in the Rad53 protein blots of extracts from rmi1D mutants treated with MMS or HU ( Figure 6A ). Although the failure of rmi1D mutants to support wild-type checkpoint activation may seem at odds with our data demonstrating precocious checkpoint activation in rmi1D in the absence of DNA-damaging agents, it is worth noting that Rad53 is in fact activated in rmi1D in response to MMS or HU, but to lower levels than in wild-type cells. Thus, the spontaneous damage present in rmi1D might cause more robust checkpoint activation if rmi1D mutants were not compromised in checkpoint activation. In this regard, it is interesting that we see evidence of spontaneous DNA damage in G1 rmi1D cells ( Figure 4B ). In wild-type cells, DNA damage accrued during G1 does not induce Rad52 foci formation until cells progress into S phase (Lisby et al, 2004) . The presence of Rad52 foci in rmi1D G1 cells is likely due to progression through mitosis despite the presence of DNA lesions. Although a single DSB is typically sufficient to prevent passage through mitosis for several cell cycles (Lee et al, 1998) , we would expect this checkpointmediated mitotic delay to be abrogated in mutants such as rmi1D that display compromised checkpoint activation in response to DNA damage. Progression through mitosis in the presence of DNA lesions could be a principal cause of the poor viability of rmi1D mutants.
Recent data suggest that top3D mutants appear to have a compromised checkpoint due to impaired progression into and through S phase (Bjergbaek et al, 2005) . A rad24D top3D double mutant, which does not exhibit these S-phase defects or the slow growth exhibited by a top3D mutant, is fully competent in activating Rad53 upon exposure to HU (Bjergbaek et al, 2005) . Flow cytometric analysis of rmi1D mutants failed to detect a significant delay in progression into and through S phase, and we found that deletion of RAD24 does not suppress the growth defect of an rmi1D mutant. Thus, the underlying mechanism by which the checkpoint is compromised in rmi1D may differ from that in top3D. Indeed, there are several aspects of the rmi1D phenotype that are different from that of top3D. rmi1D mutants grow slightly better than top3D mutants and there is a large difference in their GCR rates. These phenotypic differences are not surprising, given that loss of Top3 from the Rmi1/Sgs1/Top3 complex is likely to be biochemically distinct from loss of Rmi1.
RMI1 function in higher eukaryotes
We have identified homologues of budding yeast Rmi1 in several yeast species, as well as mouse and human. The presence of three conserved regions in diverse species suggests that these regions may constitute functional domains. Human Rmi1 has similarity to nucleic acid binding OB-folds (Koonin et al, 2000) extending through conserved regions II and III, raising the possibility that Rmi1 might bind DNA directly. Of particular interest, the putative human Rmi1 homologue that we identified by sequence similarity is identical to the recently described BLAP75 (Yin et al, 2005) . Like Rmi1 in yeast, BLAP75 is an integral component of RecQ/Topo III complexes in human cells, and depletion of BLAP75 results in genome instability in the form of increased sister chromatid exchanges (Yin et al, 2005) . Thus, the role of Rmi1 in RecQ/Top3 function appears to be conserved in all eukaryotes. Budding yeast Rmi1 is an important suppressor of DNA damage during S phase, and is also required for a robust checkpoint response to DNA damage and replication stress. It will be of great interest to determine if these functions are conserved in hRmi1/BLAP75, and if hRMI1/ BLAP75 polymorphisms are associated with human cancers.
Materials and methods

Yeast strains and media
Yeast strains used in this study are derivatives of BY4741 (Brachmann et al, 1998) and are listed in Supplementary Table  S1 . Nonessential haploid deletion strains were made by the Saccharomyces Gene Deletion Project (Winzeler et al, 1999) . Standard yeast media and growth conditions were used (Moreno et al, 1991; Sherman, 1991) . For cell synchrony experiments, cells were arrested in G1 by culturing in the presence of 2 mg/ml alpha mating factor for 2 h at 301C in YPD, pH 3.9. Cells were released into the cell cycle by harvesting, washing, and resuspending in YPD.
